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MODELING HETEROGFNEOUS HIGH EXPLOSIVE
BURN WITH AN EXPLICIT HOT-SPOT PROCESS

P. K. Tang, J. N. Johnson, and C. A. Foreat
Los Alamos National Laboratory
Loas Alamos, New Mexico

We present a method of treating high explosive burn with a multi-step
process which {ncludes the hot-apot excitation, decomposition, and tre
propagation of reaction {nto the region outside the hot spots., The basic
features of this model are the separation of the thermal-mechanical and chemi.al
processes, and the partition of the explosive {nto hot spots and the region
exclus.ve of the hot spots. The thermal-mechanical aspects are formulated in a

way similar to the chemical process.

The combined processes lead to a set of

rate equations for the mass fractions of reactants, intermediate states, anc
final products. The rates are expressed initially in terms of general
characteristic times, but with apecific phenomenclogical correlations introduced
in the final model. Computational examples are given ol simulated flyer plate
impacts, short-shock initiation, corner turning, and shock desensitization.

INTRODUCTION

The rapid burning of high explosives (HE)
involves many complex thermal-mechsnical and
chemical processes. Here the term burn refors
to the chemical energy release process
assocliated with shock initiation; also, the
thermal-me~harical p:rocess includes both
hydrodynamics and transport., In the classical
model of steady detonation, transport
processes are not concidered in detall since
the shock thickness is quite small compared to
any typical dimension; second, the chemical
reaction rate is quite high and thus the
reaction zone is thin, and the entire prc eus
is hydrodynsmically controlled. Use of the
Rankine-Hugoniot relations and the Chapman-
Jouguet condition leads to a well~defined
detonation velocity(1). This model ignores
the chemical and transport aspects and thus
simplifies the problem significantly. A large
class of explosives follows this
simplification with a constant detonation
velocity under various conditions, provided
the size of the explosive region is much
greater than some characteristic dimeision.
The classical burn model, based on {deal
steady detonation and known as programmed
burn, has been used successfully in many
engineering design applications.

With the advent of insensitive high
explosives (IHE), the chemicsl reaction can no

longer be assumed very fast compared to the
hydrodyramic process, especially for
initiation; in fact, the chemical process
could be 80 sensitive to local {natantaneous
conditions that 1{: may not start or reach
completion within the time of interest, at
least for a large portion of the HE. The
above condition 18 called detonation failure,
For the ascenerios of shock-to-~detonation
transition, HE encountering a weak ~hock will
undergo chemlcal reaction at some ‘'fstance
behind the shock front, the effect of ~eaction
wil) propagate through the additional distan-ze
to reach the front, intensifying and speeding
it up until a final steady detonation {s
established. The total distance traversed by
the shock to the point of detonation is known
as the run. Obviously a weak initial shock
requires a long run. The finite di{stance
needed for the tranaition is nothing but an
indicatior of the finite reaction rate
involved. The unique experime tal
relationship between the initial shock
pressure and the run distance is presenied in
the form of a Pop plot. This reletionahip is
usually linear on a log-log scale(2) and is
used {n the determination of the Forest-Fire
reaction rate(3).

While many recognize that models of HE
burn should be based on first principles,
there are numerous difficulties with this
approach. Even though the chemical
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composition of the HE is usually known for the
major constituents, the chemical processes
that lead to the final products are poorly
understood, and pany interpediate species and
some final products have not yet been
identiffed. All of these make the description
of the processes accor.ing to the principles
of chemicCal kinetics almost imposaible. The
seconc difficulty in describing HE durn s
that most solid HE's are not homogeneous;
volds and crackr are preaent and distinct
boundaries exist between varjous constituents.
Physical heter.geneity requires mass and
energy balauce calculations among all
components and phases 1if we are to describe
tha complere scenarios following the
principles of continuum mechanics and chemical
thermodynamics. The condition of extreme
pressure during the burn adds more uncertainty
in the determination of transport and thermal
properties. In ooupling with the detajled
chsaistry, the task of establishing a complete
theroal-mechanical and chemical model appears
impractical {f not impossible. The motivation
for the development of a new model is to avoid
detailsed calculations, but to include aorme
ersential physical ooncepts that a first-
pgrinciplss approach would contain, We
conaider this a compromise, but believe 1{t
off'ers many advantages and features frequently
needed in computational models, The
separation of thermal-mechanical and chemicel
processes, plus the partition of the HE into
hot spots and the region other than hot spots
are the main features of this model. The
special attanr.ion paid to the treatment in the
hot-spot ragion lends the name to the model,
explicit hot~spot process. Details of the
model have been presénted elsewhere, along
with a review of other HE burn kodels(d).

We hegin our technical discussion with ¢
review of some fundamerital ooncepts related to
combust’nn, This ia not to suggest that shock
initiation is physically the same as lamjnar
combustion, but only that the two phenomena
share simi‘lar general features, as we shall
ses. T“ollowing Zeldovich and Frank-Kamaneiski
theronl theory of pre-mixed laminar flame(5),
the burning can be roughly divided into two
phases: heat-up and chemical reaction, The
heat-up phase i{nvolves “he anergy transfer
from the already~durned hot region to the
unburned ocold region, bringing the cold region
to the ignition conditicn. Ouly when the
unburned region has reached high enough
tenperature will the chemical reaction take
plrce at a sufficient rate and liberate
ene~gy. This oconcept leads to sieplification
of many vombustion prodblems accdrding to the
dominance of efither the transport-oontrolled
(heat-up) or the chemicsl-controlled
(resotion) process. To {llustrate the
relative importance of the tvo processes, ve
define the condition of a combustible material
Gs & mixture of three distinct states; oold C,
hot H, ani burned B; each mass point contains

some or all of the states. The processes of
trancformation from one state to the other
are;

C+H heat-up ., (1)

H+B chemical reaction . (2)

Following the chemical kinetics
principle(6), with t being the time, the rates
of the transfcrmations can be written as:

dC . C.
E e " ' (3

' (k)

[ ]
-alz

' (5)

n'r.
[ad i
.
1

where C and H represent the mas: fractions of
the material in cold and hot conditions and B
i3 the burned portion with:

C<He+B=1 . (6)

Here 1 _ and T are the heat-up and chemical

h
reaction characteristic times. The rate
expression of Eq. (3) s based on the
assumption that the energy transfer process {s
a volume rather than a surface effect. The
chemical reaction given in Eq. (4) represents
a first-order process; with conatant ™ and
T the integration of Eqs. 73) through (5)
with initial conditions Ce1, and H=B«0 ylelds

'n t t
B=1+[= exp(- =) - exp(~ =)]
r *h *r

T
s =By )
Tr

If the heat-up process is much slower than the
chemical process, namely, 1% » T then we

have the following extreme

B =1 - expl- f—) . (8)
h
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The other limiting case occurs when the
chemical prooess is much slower than the heat-
up process, 1. >» e and

B =1 - expl- 5—) . (9)
r

Equations (8) and (9) each represents a
single-rate controllec process, either
thermal-mechanical or cheriocal. The single-
step process is certainly siapler than the
two-atep case, and it ias to our advantage to
recognize when we have the former. When both
ocharacteristic times are comparable, the more
general representation {s the unly acoeptable
one. In the following section, hot-spot
formation, decomposition, energy transfer,
etc. are conaidered from a general viewpoint,
and then the relevant oharacteristic times are
compared in order to reduce the entire system
to a simpler, two-rate controlled prooess.

THE GENERAL MODEL

The heterogenecus nature of high
explosives is widely recognized, as we have
already discussed. The concepts of hot spots
and the mechanismd leading to heterogenecus
reactior srs adiabatic gas compraession(7),
rapid shear(8), visco-plastic flow(9), vold
ocollepse(10), friotion(11), and others. It ia
reasonadle to antioipate that hot spots behave
qQuite differently from the rest of the
explosive, as far as responding to the shock
aotion (s oconcerned. Although adiabatic
conpression (pressui‘e work) i{s a mesns of
fncreasing the internal energy i{n general,
dissipation associated with the irreversible
stresses from the shock process (s nuite
signifioant {r the highly localized regions of
heterogeneous material. The internal energy
18 inoreased even more and thuas the
temperature is much higher than the
surroundings. The l%cal high temperature
starts the chemical prucess sooner than in the
surrounding near-reveraibly ooepressed
portion. Aacordingly, we divide the explosive
inte two Jaajor ragiona: the hot spots and the
balance of explosive. Since ve do not intend
to include the details of the hot-spot
formation hers, we define the hot spots only
in a very general way: there are sjtes within
the HE that are potentially susoceptible to
mechaniocal atimulation (shock) and become
energetio. These chemiocally unstable sites
then prooceed to decompose at a rate determined
by a higher iocoal temperature; we say that the
hot spots have reached the ignition conditien.
Here the shook process 1s equivalent to the
heat-up phase discussed earlier in relatlon to
the pre-mixed flame. The balance of explosive
responds to the shock in quite a different
way. There are posaibly some initial physical
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and/or chemical changes but no substantial
exotheraic chemical reaction. Only after a
oertain amcunt of hot-spct reaction oan
additicnal reaction propagate Into the dalance
of the explosive. In s mmary, we propose the
fol)oving major steps in shock=induced
chemisal reaction of he . erogenecus explosives:

1. hot-spot oreation, formation of
ignition state

R, =~ 1 ’ (10)

2. hot-spot decomposition, consumption of
ignition state

I, »P , (1)

3. heating of the balance of explosive by
the hot-spot burned product, oreation
of the ignition state for that region

(]
R20P1*12°P1 ’ (1e)

4, decomposition of the balarnce of
exploasive

12-0.'2 . (3

The aymbols R, I, and P represent reactants,
intermediates, and products; subscripts 1 and
? are hot spots and balance of exploiives,
respectively. Here P: representes Pl at a
cooler condition folloving eneryy trsnafler
from the hot spots to the balance of
explosive. The firat two siepe involve the
hot mpots only, but the last two control the
burn in the balance of the eéxplosive as a
result of the hot-spot burn. We o01ll this
phase the burn propagation. The bdurn
propagation plays an extreamely important role,
nasely, the overall burning is determinec by
the ability of the hot spots to transfer
energy to the balance of che explosive. It is
further assumed that the hot-apot burn must
¢xveed a certain threshold value to start the
reaction in the baiance of explraive. This
leads to ignition delay in the burning of the
explosive as a whole. Therefore, the critiocal
pathway leading “o the complete burning of the
HE tr the prcpagation, scep 3, without which
burning will be confined to the hot spote.
Since the hot-spot region is usually quite
amall, the HE as a vhole can be considered
unburned ({f there is no propagation at all or
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if {t tekes too long. The failure of burn
propagation is basically the fallure of
transition froe shock to detonation.

Let us define R,. 11. and P‘ to be the

actual mase fractions of reactents,
interrediates, and products in hot spots
qivided by u, the fracticn of material capable
of being excited by the shook. We call these
quantities noramalized sass fractions and adopt
similar definitions for Rz. 12, and Pz with

(1 ' u) replacing u in the normalizing proocess
for the balance of explosive. Using the
conventional formulation {n chemioal kinetics
(6), we obtain the time rates of change for
the processes (10) through (13):

A. the consumption rate of the
unactivated hot spots due to the
shock action:

dr, R,
= ()
B

B. the creation and consumption of the
ignition state of hot spots:

x
—

—
-

’ (15)

nl o
ol -
-
]
3l
1
“l

C. the creation of the hot-spot burned
product:

@, 1
a

-

, (16)

|

D. th® rate of consumption of the
balance of explosive due to heating
from the already burned hot spots:

;?--u:—z(:'—_:;r—") . (1)
» 0

E. the oreation and oconaumption of the
ignition state of the balanoce of

exploaive:
dl R P f 1
2 2 | = 2
EonU G e L
[ ] 0 1,

F. the creation of the rinsl product of
the balance of explosive:

-OIH
o -n

ae
2
it - . (19)

At any instant, the total unburned and burned
fractions are

R =R, + (1~ “)Hz . (20)

P e ul’1 + (1 - u)P (21)

2 .

The mass fract:on of hot spota y is quite
likely related to the microestructural
properties such as the graln specific area and
some characteristic thickness in the hot-spot
region. The threshold r0 is the normal{zed

mass fraction of hot-spot reaction that must
be reached befor2 the burn can propagate into
the balance of explosive. Equations (°7) and
(18) also contain the multiplioation factor u:
this represents a condition that a vanishingly
amall mas3 fraction of hot aspots would be
incapable of inducing large acale reaction in
the odalance of explosive. We assume constant
and ro. For the normalized mass fractiona,

R011‘P1-1 ’ (22)
R, *1,+P, =1 . (23)

1n equations (14 and (15), 1, Fepresents

the charactaristic time for hct-spot
excitation due to first~ghook effect. 1I1f hot-
sSpot temperature is chosen as the parameter
representiig the excited atate, then . frr the

charaoteristic time of the process leading to
that teaperature. It is Quite likely a
function of the shook strangth and the
material properties. The dscomposition
process in the ignition atate is characterized
by Te and is usually a funotion of the loocal

temperature. The characteristic time T,

aontrols the tranaport procesa for the energy
tranafer from the burned product of the hot
spots to tha cold dalance of explosive. The
mechanisn of the energy transfer is possibly a
turbulent mixing process at higher pressure
range and simple heat conJduotion vhen the
burning is less intense. It ocould be a
funct.on of pressure and temperature. The
phenomenological correlations of these
oharaoteristic times will be described later.

4
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L]
Finally, 1. 18 the characterisiic time

for decomposition in the balancCe of explosive
Jnce the energy tranafer from the hot spots
has taken place.

Equation (17) deserves some additional
explanstion. Due to the norpalized nature of
the guantities R,. Rz. 11. IZ' Pl' and Pz. the

presence of u i8 required to give the sbsolute
influence of the hot-spot maas fraction;
(1-!0) is another normalizing factor so that

when the hot spots have burned completely
(P,-l), the threshold effect vanishes and only

the energy transfer mechanism through Ta
controls the rate.

THE SPECIFIC MODEL

We now use some physical arguments to
simplify the above formulation. First, {n the
hot-spot region, we can expect the shock
(thermpal -mechanical) process to be much faster

than the decomposition, (tc » 1‘). and this

should lead to an instantaneous change of R1

from one to zero. Mathematically, Egs.
(14),(15), and (16) are repleced by a single
rate equation:

dP1 1
it @] -P'I) ’ (?“)
c
and from Eq. (22):
P, + 1 @i . (25)

In the balance of explosive, the energy
transfer (thermal-pechanical) prozess is
expected to be much eslower than the
decomposition process that follows: 1. e.,
A > 1;. 80 Ve can maks additional
simplification that I2 = 0, and from Eq.

(23n

P, * R, =1 . (26)

The uonsequence is again a single rate-
controlled processi

dP? " P1 fo
w0 R (2n

(G-070)

The overall burned product rate equation
18 a susmation of Eqs. (28) and (27) with the
use of Eq. (21):

dP
dl.TL(‘-Pl)
[+]
L Py - fo
. - [(v = P)=u(1 - ’u)l[T'T'F;‘) .(28)

Equation (28) contains an unknown P‘ vhich s

evaluated separately using Eq. (24). As we
can see in Eqs. (24) and (28), if LR is much

less than o (1. e., the reaction in the hot

spots {s much faster than the rest of the
explosive, a condition that may be reached at

high pressures), P1 will reach unity much

sooner than P, this will eventually lead to a
single equation for the total burned mass
fraotlion:

els

--:‘—(1-P) . (29)
a

This specific case {®s representative of
reaction-rate models such as Forest Fire{3) In
which u/xn is specified as a function of

pressure. The apecific model deacribed in the
repainder of this paper is not of this form,
but rather the explicit two-step process
represented by Eqa. (24) and (28).

The relationship between the two

characteristio times, Tq and T and therma) -

mechanical and chemical properties of the
explosive are precsented {n detall
elsevhere(L), of which we give here only a
summary.

The passage of the initial shook wave of
pressure amplitude p. produces an average hot-
apot temperature 0' given by

1

0 p -
—") 8
e, - 00[1 m==1n (po)] . (30)

where m, 00 and Pg are constant and a is the

Arrhenius activatiou temperature. For hot-
spot temperature 95 there {8 an induction time

for therma)l exploslion whigh we identify with
the characteristic timpe !
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2
8y a
A v exp(;.-) . (31

In Equation (31), 8 1s the temperature
coefricient due to chemical reaction and Z is
the frequency factor for Arrhenius reaction.
The quantity that is experimentally determined
13 the average delay for a given shock
pressure,. The justification feor
{dentification of T, in Eq. (24) with the

induction time for thermal explosion is gilven
in detail {n ref. (4). Equations (30) and
(31) are then used to obtaln the aver ge hot-
spot temperature for assumed values of a, 8
and Z. The latter quantities are sometimes
well-known from {ndependent measurement, but
are occasionally in doubt because of extreme
thermodynamic conditions reached within the
hot spots. Therefore, in this work as vell as
the earlier one{l), the hot-spot temperature
means simply that particular temperature which
gives the experimentally determined delay time
for a given set of Arrhenius parameters,.
After the shock prnoess, any further change of
eB will be saused by isentropic compression or

expansion(l):

ds
-3 . dp
D 8, I« Gt ' (32)

with T being the Gruneisen coefficient and «
the {sentropic compressibility, both assumed

constant. Here -:% is the time rate of ochange

of pressure. Heat loss due to thermal
conduction and radiation are assumed to be
negligible for the application presented hare.

A the hot spots burn, energy is
transferred to the balance of explcsive. The
second phase of the dburn, burn propagation,
starts as soon as sufficient energy 1s
received by the unburned explosive. We now
discuss the correlation of Ta with the

thermodynamic state.

As we have mentioned earlier, Tn

represents the process of energy tranafer.
Whan the pressure |8 low, we expeot the
sechaniss to be simple heat conduction, but at
muth higher pressure levelas, convection and
looal mixing oould be a major factor for the
rapld increase of the effeativeness of energy
transfer. The parameter n in fact plays the

rols of both film coefficlent and temperature
differance between the hot and oold regions.
Accordingly, we propose the following
expresnion:

o= G + sm)] . (33)

The linear term in p represents the weaker
energy transfer mechanism, most likely thermal
conduction, and G 1s a highly nonlinear
function of the current pressure p; we
speculate the efrfect is due to the more
efficient energy transfer mechanisms such as
turbulence. For high pressured, G provides
the domi{nant contribution; in fact, we -an
identify that term to the pressure dependence
in the Forest-Fire rate(3), when we coupare
the Forest-Fire model with Eq. (29). The
determinatjion of G i1s therefore carried out
through a procedure simi.ar to the Forest Fire

@odel uasing Pop plot information; GO is

obtained from the embedded gauge data and the
Pop plot in the low pressure range. Using tre
originei Foreat-Fire rate function form(3},

t {
G(p) = exp(] ap) . (34)

1«0

Since the current formulation has an explicit
multiplier pu in the propagation term of Eq.

(28), values of c.0 and a, differ from the

eriginal formulations(3,4).

The expliolit hot-spo:. model of Bshock
initiation represented by Eqs. (24), (28) and
{30) through (32) also inoludes the physical
ef fect of shock desensitization(12): A shock
wvave of insufficient amplitude to cause prompt
iniftiation {tself has the e“fect of
desensitizing the explosive to> additional
compression. That this effect is indeed
included in the model given here can be seen
by starting with Eq. (30). Consider a first
shook of pressure pa that creates an average
hot-spot temperature os. Ir ou is small
snough, the characteristic time o due to the
first shook 1s too lung. Additional heating
due to sutsequent shooks takes place according
to the adiabatic relationship, Eq. (32), which
ifs muoch less afficient than Eq. 130) for
producing high hot-spot temperatures. The
physical explanation for this is that hot-spot
ereatinn is @8 highly irreversible and
dissipative proceas, and can happen only once
when the first shook arrives. Subsequent
shocks oan do only reveraidle mechanical work
on relutively cool hot spots that have already
beeri formed,

Figure | gives a quantitative description
of this phenomenon for PBX-9"04L (94§ HMX/3%
NC/3% CEF) with varjous values of I'c in Eq.
(32). The dimcusasions are general and Apply
to explosivens other than PBX-940L. Figure 1
ei{ves the average induction time for hot-spot
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reaction for a 5-GPa second shock prec2eded by
a first shock of amplitude Py For o single

5-GPa shock, the induction time ls ~0.2 ye;
point A on the so0lid line given by Eqs.
(30)and (31) with pa-5 GPa. If the 5-GPa

shock 1s preceeded by a 1-GPa shock, the
induction time for the firat shock (1 GPa) is
~11 us, point B, If Te=O, there is no
additional heating due to the second shock and
the i{nduction timeremains at =11 us. If I'k =

0.01 GPa '. the induction time is reduced to 4
us, point C; this {s still quite long compared
to ~0.2 ps for a single 5-GPa shock. As the
compressibility is increased, the delay time
behind the oecond shock gets closer to that
for a single shock (points D and E In
comparison with A). The dashed lines in Fig.
1 are the Jdelay times behind a 5-GPa ahock
that follows a first shrck of amplitude Py-

These delay times increase significantly as pa

is dacreased until a threshold shock pressure
is reached (below which hot spots cannot be
created by the first shock). Below this
threshold (not shown) the second shock travels
into essentially virgin materjal and the delay
time decreases rapidly to a value near that
for a single shock (i. e., point A for a
single 5-GPa shock),

10?

k=0 GPa'

1 1 11

1

-
o
-

1 llllll

1 I X

DELAY TIME (us)

1 llllll

L

1l

—e®
-1 4 g aaaal Pkl O U

10’
T 10° 10"

FIRST SHOCK PRESSURE (GPa)

Figure 1. Effect of the first shock on
the delay time followed by a
second 5-GPp shock.

COMPUTATIONAL RESULTS

Calibration of the explicit not-apot
model presented here 1s desacribed in detall in
(4) for sustained impact in FBX-9LO4.
Computations were performed numerioally by the
method of characteristics tracking a single
discontinuous shock front. A thick lucalox
impactor produced an initial particle velocity
of 0.055 cm/us in the PBX-940M4 sample,
experiment 547(13). Comparison of the
theoretical calculation with measured particle
velocities at 0.5 mm, 2.5 mm, and 4.5 mm is
shown in Fig. 2. The same model was used with
fdentical rate param2ters to compare with
measured particle velocitie. for a finite-
duration pulse. 1In experiment 532(13), a
0.28-om thick lucalox projectile produces a
0.5'~us pulse with {nitial particle velocity
of 0.053 em/us in PBX-9404. Comparison of
theory and experiment {s shown in Fig. 3 for
particle velocity gauges located at 0.2 mm,
1.2 mm, and 3.2 mm., The good agreement Shown
in Fig. 3 is very encouraging because
calibration was performed for a surctajined
shock, Fig. 1. This result gives some

o
-
o
1

i

1

—— AP, 847

emreeeae—e— CALC. 4_8mm

o
~
T

0041

PARTICLE VELOCITY (cm/us)

[+] 0.4 Oi. 1.2 1.‘. 2.0
TIME (us)

Figure 2. Sustained impa.t results,
experiment and ocalculation.

T

so—eeese——eee CALC,

L4
-
»
T
i

o
]
]

0.04

PARTICLE VELOCITY (cm/us)

0.4 o8 ) 1.0 2.0
TIME (un)

Figure 3. Finite-duration pulse results,
experiment and calculation.
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confidence that the explicit hot-spot uodel
represents reasonable departures from
calibra:ion sjtuations. As obvious a
requirement as this may be for shock
initiat.on models, it has not always been
demonstrated.

We have also included the explicit hot-
apot model Iin the two-dimensional,
hydrodynamic¢ finite-element code DYNA2D(14).
As one check of the explieit hot-spot model
and the code, a number of distance~to-
detoration calculations were performed and
compered with the characteristic theory and
the experimental data, the results are shown
ir. Fig. 4. 1In addition to these comparisons,
DYNAZ2D snowed favorable ccmparison with the
deta and characteristic calculation given in
Fig. 2.
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Figure 4, Pop plot for PBX-9404,
experiment, 1-D and 2-D
calculations.

In the remainder of the work desoribed
here, the DYNA2D code with the explioit hot-
spot burn model was used to investigate two-
dimensional effects of corner turning and
shook desensitization in PBX-9502 (95% TATB
/5% Kel-F). The model parameters for PBX-9502
vere estimated from the Pop plot given in (15)
and embedded gauge measurements for porous
TATB(16), which give an approximate value of
T, =1 us for a shook pressure of ~8 GPa. The

Arrhenius constants for TATB are given {n
(an.

For the caase of corner turning when the
explosive ohanges 8ize abruptly, we use a 2-ob
long PBX~9404 booster to start the burn in
PBX=-9502. The explioit hot-spot burn model {s
used for PBX-9502 but programmed burn o
imposed on PBX-9UO4. The problem
configuratior is given in Fig. 5 with the
explosives bound by plexiglas. With a radius
of 1.3 om in the firat segment (4-om long) and
6-om radius in the second segment (3-cm long).,
the burned mass fraotion contours are shown in

Fig. 6 at 14 us, a partially burned region is
seen nhear the region where the explosive
increases suddenly in size. The reasorn for
this behavior {s the rapid lowering of
shockpressure when the detonaticn wave tries
to expand suddenly, resulting in partial burn
or even complete extinction, at least in some
local region. However, the main burn front is
still strong enough to maintain the burn sc
that an expanding detonation wave can be
formed eventually, except the portion in the
vicinity of the corner.

PLEXIGLAS

PLEXIGLAS

PBX-9404
4 PBX-9502

Figure 5. Conflguration for corner
turning simulation.

PLEXIGLAS UNBURNED

BURNED

PBX-9502

+

Figure 6., Purned mass fraction contours
for a detonation wave turning
a corner in PBX-9502.

The final example is a study of shock
desensitization, using thc configuration of
Fig. 5 but replacing the material bounded on
the si{de with aluminum. A weak shock will
travel throug.. that medium and reach part of
the maxplosive block sooner than the main
detonation front because of the higher shock
velocity for aluminum. Since the intensity of
the ahcok is weak, the fnitial hot-spot
temperature assoclated with the shock remains
low and the ignition delay is very long. Even
with subsequent compression of high intensity,
the ignition delay is not reduced enough to
oause significant burn {n the hot-spot regi{on
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as discusaed earlier. Tne effect of the pre-
shock on the burned mass fraction (P) at 14
usis shown in Fig. 7; a well-defined unreacted
reglion is seen between the aluminum and
PBX-6502. Figure 8 shows the density contcurs
exhiibiting the sharp contrast of the densjly
batween the burned and unburned regicns. A
flash radiograph of shot no. 1746(18) for PBX-
9502 turning a 90-deg aluminum corner is
reproduced {n Fig. 9. Although the experiment
was performed with a somewhat different
geometry, the essential features are
reproduced by the explicit hot-spot model.

UNBURNED
ALUMINUM

BURKNED

PBX-9502

Figure 7. Burned mass fraction contours
for PBX-9502 with shock
desensltization.

=

ALUMINUM

Figure 8. Density contours showlng the
ef fect of s hock
desensitlization.

Figure 9. Flash radiography.

CONCLULSION

We have presented a new HE burn model and
demonstrated some of the experimentally
obsgrved features of the model 1n one and two
dimensi{ona. The resul.: are quite encouraging
aind we shall continue the effort; (n
particular, we 3hall ‘nvestigate further how
those emplirical parameters relate to the
thermodynamic state and material propertles
such as lnitlal temperature and grain size.
The energy transfer concept of thi3 model
prompts us to believe that those parameters
90. fO' GO' and al's must be related to the
{initial temperature,. The hot-spot mass
fraction, u, wnust be linked to the graln size
through the surface area and {nter-granular
Inhomogeneity; a smaller grain slze wovld
result Iin a larger hot~spot mass fractlon.
Therefcre |t 13 poasible that finer graln size
may lead to shorter run distances as 3ome
experiments indicate(12). However, che grain
size may also have 3ome effect on the Injitlal
reference hot-gspot temperature. AS the grains
become smaller, the materlal approaches a more
homogeneous 3state which reduces the
dlssipation coming from the irreveraible
stress compunents. The net effect (3 a lower
reference hot~spot temperature BO which would

decrease the hot-~spot burn rate, resulting in
longer run Jdistance. Experimental evidence
also supports this trend at low shock
pressures('9). At the present time, thk=z data
necded for the model are limited and (n some
cases, rrelirinary. More experimental work ls
required to support the model Improvement and
actual application.
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